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Abstract 
Correlation between the critical current anisotropy and the textured microstructure of the ex-situ processed MgB2 tapes with the 
Fe sheath was studied to obtain basic data related to the commercial application of the ex-situ processed MgB2. Ex situ processed 
MgB2 tapes were fabricated using newly developed technique to substitute carbon for boron in the MgB2 compound through the 
ex situ route. These MgB2-xCx tapes showed comparable critical current anisotropy to that of pure MgB2 tapes, but in higher 
magnetic fields because of their higher irreversible critical field than the pure MgB2 tapes. The x-ray pole figure data show that 
the tape core texturing of the MgB2-xCx tapes was moderate, but it was a slightly higher degree than that of the pure MgB2 tapes. 
This result was consistent with results of the critical current anisotropy. 
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1. Introduction 
The development of a method to fabricate tapes or wires having high critical current density (Jc) is a key process 
supporting the commercialization of MgB2 superconductors. The powder-in tube (PIT) technique has been widely 
investigated for the fabrication of tapes or wires. The PIT technique has two processes: in situ and ex situ ones. The 
in-situ processed conductors are reportedly superior to the ex-situ processed ones for excellent Jc properties. 
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Recently, however, Fujii et al. developed a new method to fabricate tapes showing comparable Jc properties with 
those of the in-situ processed in tapes through the ex-situ processed route [1,2]. In this method, carbon-substituted 
MgB2-xCx compounds are formed in tapes incorporating pure MgB2 powder with mineral oil through the carbon 
substitution reaction. On the other hand, it has been shown that the ex-situ processed MgB2 tapes show anisotropy in 
the dependence of Jc values on the direction of the applied magnetic field in relation to the tape surface because of 
upper-critical field (Bc2) anisotropy and rolling-induced texturing [3,4]. For the application of the ex-situ processed 
MgB2 tapes to the superconducting magnets, the anisotropic behavior of Jc properties must be considered. To obtain 
some data for superconducting magnet use, this study investigated the correlation between the anisotropy of the 
critical current (Ic) values for ex-situ processed MgB2 tapes fabricated using the newly developed method.  
2. Experimental details 
For this study, Fe-sheathed MgB2 and MgB2-xCx tapes were prepared using the conventional and newly 
developed ex-situ PIT processes, respectively. For both tapes, the starting powders were the commercially available 
MgB2 powders. For the Fe-sheathed MgB2 tapes, the powder was used as packing powder into an iron tube without 
any treatments. On the other hand, for the Fe-sheathed MgB2-xCx tapes, the powder was planetary ball-milled in a 
Si3N4 jar with Si3N4 balls with the addition of Mg powder at molar ratio of MgB2: Mg = 100:10 with mineral oil. 
After treatment, the powder was dried under vacuum at 200Υ for 2 h. This mineral oil was used to avoid oxidation 
of the surface of the milled powder and its low vapor pressure and low cost. These powders were packed into iron 
tubes. Then, the tube was cold-rolled into a tape. The final tape size was about 4 mm wide and 0.5 mm thick. They 
were then heated to 900950Υfor30 min to 2 h. The critical current (Ic) values were measured in two relative 
orientations of the sample and the applied magnetic field. In one condition, the sample was set up in a sample holder 
where the tape surface was parallel to the applied field as shown in Fig. 1(a). In the other, the tape surface was 
perpendicular to the applied field. The AC susceptibility measurements of the core part of the tapes were conducted. 
The microstructure of the core part of the tapes was characterized using x-ray diffraction analysis. The sheathes of 
the broad tape face were ground off. Then the surface of the core part was exposed and polished. The pole figure 
data were taken in the Schulz’s reflection method with Mo KD radiation. In this measurement, the sample was first 
set to meet the Bragg’s condition for (002) reflection. Then the sample was rotated about an axis (AA’ in Fig. 1(b) 
with the range of 15rto 90r in 5rsteps as shown in Fig. 1(b).For each step of this rotation, samples were 
additionally rotated about an axis (BB’ in Fig. 1(b) between 0rto 360r. At each step, the x-ray intensity of (002) 
reflection was measured. 
3. Results and discussion 
Figure 2 presents results of ac susceptibility for the MgB2 and MgB2-xCx core part of the tape samples. The 
diamagnetic values of ac susceptibility existed at about 38 K for the MgB2 core, whereas diamagnetic response  
                   
Fig.1. Schematic representation of (a) orientation relationship between a tape and applied field                  
and (b) Schultz’s reflection method for pole figure data. 
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occurred at about 35.5 K for the MgB2-xCx core. It can be inferred that this lowered transition of the MgB2-xCx core 
results from the carbon-substitution of boron in the MgB2 compound of the core part of the tapes. According to the 
literature of [1], this result suggests that the MgB2-xCx core tapes have higher Bc2 values than the MgB2 tapes have.  
     The Ic values as a function of the applied magnetic field at 4.2 K for pure MgB2 tapes and MgB2-xCx tapes with 
different orientation between the applied field and the tape surface are shown in Figure 3. For the parallel orientation 
of the tape surface to the applied field, the Ic values of MgB2-xCx tape samples were improved remarkably, especially 
in the high magnetic fields compared with those of pure MgB2 tapes. Both tapes showed comparable Ic values at 5 T, 
but the difference in the Ic values increased concomitantly with increasing field. For example, an Ic value of an 
MgB2-xCx tape sample was more than an order of magnitude higher than that of a pure MgB2 tape. It can be inferred 
that this improvement results from the enhancement in the irreversible critical-field of the MgB2-xCx tapes. 
 
               Fig. 2. AC susceptibility as a function of                     Fig. 3. Critical current vs. magnetic field 
                  temperature for the core part of MgB2 tape                  curves for MgB2 tape and MgB2-xCx tapes 
                  and MgB2-xCx tape.                                                       in the parallel and perpendicular orientations. 
                                                                              
In Figure 4(a), the Ic–anisotropy factor (ka = Ic,par /Ic,perp) is shown as a function of the magnetic field. Ic, par and 
Ic,perp respectively denote Ic values of the tapes with the tape surface oriented parallel and perpendicular to the 
applied field. For pure MgB2 tapes, Ic–anisotropy already existed at 5 T. It increased rapidly with increasing 
magnetic field until 8 T as Ic,perp values decreased to nearly to 0. However, Ic–anisotropy appeared at 7 T and 
increased concomitantly with increasing magnetic field in the same way as in the case of the pure MgB2 tapes for the 
MgB2-xCx tapes. Figure 4(b) presents a plot of the Ic–anisotropy factor against the Ic,perp values to compare the Ic–
anisotropy factor in the condition where the effects of the difference in the irreversible field between the pure MgB2 
and the MgB2-xCx tapes are reduced as much as possible. Under this condition, the anisotropy factor of the MgB2-xCx 
tapes is found to be comparable with that of pure MgB2 tapes. This result is regarded as a consequence of the 
different degree of the texture between two tapes described later, irrespective of lower intrinsic anisotropy factor of 
Bc2 for the MgB2-xCx superconductor [3]. 
Beilin et al. reported that rolling-induced texturing of the polycrystalline MgB2 was observed in metal-clad MgB2 
 
                    Fig. 4. Anisotropy factor as a function of (a) magnetic field and (b) critical current in the  
                    perpendicular case of the relative orientation between the tape surface and the applied field.            
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Fig.5. (001) pole figure for (a) MgB2 tape and (b) MgB2-xCx tape  
tapes [4]. Figures 5(a) and 5(b) respectively show (001) pole figures of the core part for the MgB2 and the MgB2-xCx 
tapes. The values of the pole density tended to increase with the approach to the central region for both tapes (the 
identical colors of contour lines don’t denote identical pole density values in two figures), indicating the occurrence 
of (001) texture, although a slightly larger distribution in the transverse direction was found for the MgB2-xCx tapes. 
Those pole figure data indicate the occurrence of moderate (001) texture in both tapes. With respect to the degree of 
the (001) texture of the composite of the metal sheath/MgB2 core tape, Beilin proposed a mechanism in which the 
rolling-induced texturing occurs through particle rotations rather than stress-induced slip along the (001) planes, and 
intensive crushing of the MgB2 powder fulfills the condition that the amount of grains with preferential (001) 
faceting in the original powder exceeds appreciably a random level [4]. For the pure MgB2 tapes, the powder size of 
300 mesh was used, while for the MgB2-xCx tapes, the powder was ball-milled and much reduced into a sub-
micrometer level before filling into an Fe tube [1]. According to Beilin’s model, this condition is favorable for 
MgB2-xCx tapes to enhance the degree of texturing. However, in the MgB2-xCx tapes, added Mg powder forms an 
MgB2 compound in the final heat treatment. These in-situ formed MgB2 grains tend to be oriented randomly [5]. As a 
result of this contrary effect for texturing, the maximum values of the relative ratio of the pole density were 6.6 and 
8.1 for the pure MgB2 tapes and the MgB2-xCx tapes, respectively, based on the internal normalization method of 
statistically calculating intensities measured. 
 
4. Conclusion 
 
Both ex-situ processed pure MgB2 tapes and MgB2-xCx tapes showed nearly equal level of the Ic-anisotropy. 
However, the magnetic field range within which Ic-critical anisotropy becomes pronounced depends largely on the        
irreversible critical field. Results show that the degrees of the rolling-induced texture for both ex-situ processed pure 
MgB2 tapes and MgB2-xCx tapes were in the moderate range. However, details show that the degree of the texture of 
MgB2-xCx tapes was slightly higher than that of pure MgB2 tapes based on the x-ray pole figure data. Consequently, 
this study acquired useful data related to parameters affecting the Ic-anisotropy of the MgB2 tapes. 
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